There has been a great demand for environmentally benign lubricant due to stricter regulation imposed on the use of conventional lubricant made from mineral oils, as it is not safe to the health of workers and to the environment. Following to this, vegetable oil as based lubricant offers the suitable solution for an environmentally friendly lubricant as it is non-toxic and biodegradable. Furthermore, the performance of vegetable oil base lubricant can be enhanced by adding micro/nano-particle with the lubricant. The present study focus on the use and the performance of boric acid powder with palm kernel oil in comparison to conventional oil as a means of lubrication in machining AISI 431 steel with minimum quantity lubrication. A 2 4 full factorial design of experiment has been conducted with cutting speed, feed rate, depth of cut and types of lubricant as the input process variables. Surface finish has been evaluated in each of the machining conditions. It has been found that the feed rate and type of lubricant are the only factors that have significant effect on the surface finish and boric acid powder aided lubricant machining outperformed conventional lubricant. The average improvement in surface finish with boric acid powder aided vegetable oil lubrication is observed to be 7.21%. The cutting speed and depth of cut apparently do not have any significant effect on surface roughness in minimum quantity lubrication, of conventional and vegetable oil on lubrication.
Introduction
In a high precision machining operation, lubricant is extensively needed to remove the heat at the tool-workpiece interfaces. High heat is generated at the interface due to friction between the tool and the workpiece, which can lead to a very poor workpiece surface quality and tool wear. For that reason, report showed that approximately 320,000 tons of lubricant were used per year in the European Union [1] proving the importance of lubricant in machining application. Lubricant is divided into three categories that are neat oil, water-soluble fluids, and gases [2] , where the most common type of lubricant in machining application is the water-soluble fluids. This type of lubricant is made of water mixed with oil with a certain ratio depending on the types of application being used. However, the oil used in the water-soluble fluid are typically mineral-based oil, which is known to be harmful to the worker and to the environment.
Studies have proven that mineral-based lubricant can be hazardous to the workers and to the environment. Thus, operational workers that are exposed to machining lubricant are prone to dermatitis, respiratory ill health and cancer [3] [4] [5] [6] [7] . Mineral-based lubricant can generate the formation of nitrosamines (carcinogenic) [8] , which is a substance capable of causing cancer if it enters human bodies. Even though mineral oil in lubricant has been refined or treated from any carcinogenic, it is not sufficient to categorised it as harmless [9] . In terms of the environment, mineral-based lubricant are not biodegradation friendly, where it is shown that it exhibit toxic product when it degraded in soil [10] . Moreover, with the shortage of mineral-based oil in the coming future, there will be a shortage in the production of lubricant. Hence, another greener alternative lubricant needs to be explored that should offer the same performance as mineral-based lubricant, non-toxic and biodegradable [11] . a) b) Fig. 1 . a) Layered structure of graphite and boric acid particle [12] ; b) The layered structure of boric acid shown from using FESEM (magnification 2000x)
Suggestion of implementing dry machining conditions in machining application can eliminate the use of lubricant and consequently exterminate the bad effect of using mineral-based lubricant. However, dry machining cannot lead to high quality surface when machining at higher cutting speed and feed rate. Therefore, the best approach to creating a greener lubricant is by replacing the mineral oil with vegetable oil as the base oil of a lubricant. Most of the vegetable oil has triglycerides in its composition [13] , which consists of three long chains of fatty acid in their structure that give vegetable oil the properties of good lubricity [14] . Other than that, vegetable oil commonly known to have a high viscosity index, meaning that its viscosity is stable at high temperature [15] . This is beneficial, as during the machining process, high temperature will be detected in the cutting zone, thus a stable liquid viscosity is needed. Furthermore, the most important properties of vegetable oil to become a lubricant is that it is nontoxic and biodegradable.
As established vegetable oil can perform as lubricant in machining application. Lawal et al. [16] have done an evaluation of the performance of vegetable oil in turning process in comparison to mineral oil. The investigation found that the vegetable oil surpasses conventional oil-in-water performance in turning process. Likewise, Babur et al. [17] have concluded that vegetable oil is effective in producing better surface quality and tool wear than synthetic cutting fluids during turning process. Nevertheless, improvement on the performance of vegetable oil can be done by utilising powder particles such as MoS2, graphite, boric acid, etc. Improvement can be seen from using powder particle aided lubricant in terms of surface finish, coefficient of friction, wear and cutting force [18] . This is because powder particle has lattice layered structure (Fig. 1) , relatively high load carrying capacity and low steady state coefficient of friction [19] . Moreover, powder particle such as boric acid are environmentally friendly and do not pose threat to operational workers, according to the Environmental Protection Agency, which is desirable in creating a greener lubrication in machining application [20] .
The objective of the experiment is to assess the use and the performance of boric acid powder aided vegetable oil-in-water lubricant in turning AISI 431 steel. The boric acid powder is mixed with palm kernel oil due to its properties having high in saturated fatty acid, making it more stable in oxidation in comparison to other vegetable oils. Boric acid powder with <8µm particles size and 1.0 %wt. concentration is to be used in minimum quantity lubricant condition in machining AISI 431 steel. A performance comparison between boric acid powder aided vegetable lubricant with conventional lubricant is made based on the surface roughness with respect to cutting conditions. Table 1 and Table 2 respectively. Palm kernel oil is chosen as the base oil in this investigation based on its fatty acid composition, where it is high in saturated fatty acid. This is an advantageous because vegetable oil that are high in unsaturated fatty acid are susceptible to oxidation. Therefore, palm kernel oil that is high in saturated fatty acid are more stable in terms of oxidation. Although, the process of oxidation is influenced by many factors, nonetheless the fatty acid content can help to predict vegetable oil oxidation stability. 
Additives
The additives need to be added to the vegetable oil, in order to formulate the vegetable oil into the oil-in-water lubricant. The inclusion of additives is for increasing the performance of vegetable oil as an oil-in-water lubricant. The performance of lubricant is also highly influenced by the additional additives. Additives that are used in this formulation are emulsifier, anticorrosion agent, antioxidant agent, biocide and boric acid powder. The physical properties of boric acid powder used for this investigation are shown from Table 3 . The type of additives in this formulation is cautiously selected, and it is ensured that the materials are not hazardous to the operators and the environment. Chemo Lab Sdn. Bhd., Kuala Lumpur, Malaysia supplied all the additives use in this investigation. Particle average size, µm < 8
Chemical formula H3BO3
AISI 431 Steel
The AISI 431 steel is a high hardenability martensitic stainless steel with high strength and good corrosion resistance. The material comes in the shape of a round bar at the dimensions of 115 mm × 600 mm. The chemical composition and mechanical properties of this material are shown from Table 4 and Table 5 respectively. This material is typically used in aircraft parts and components, bolts and nuts, fasteners, pump shafts, propeller shaft and many more. Thus, AISI 431 stainless steel is mainly for parts requiring of high tensile strength, good toughness, and good corrosion resistant properties. 
Experimental Design
The development of the new environmentally friendly lubricant is based on the application of design of experiment (DOE) under the conditions established by a full factorial design matrix. This approach is chosen because it provides a statistical impact relationship between the independent variables and the responses. Optimisation study is conducted to get the optimum weight percentage of each additive, which will be used to develop the final oil-in-water lubricant. The additives are added to the vegetable and water using a Vibra-Cell TM Ultrasonic Processor-VCX 500, which are shown in Fig. 2 (a) . The machine uses sound energy to agitate particles in a liquid. This process is suitable for particles with very small size in oil-in-water lubricant. The agitating process takes around one hour to ensure that the particles suspended in the oil-in-water lubricant evenly. Minimum quantity lubricant process is achieved by using a spray gun that is attached to the cutting tool holder consequently spraying a minimum amount of lubricant on the cutting tool and workpiece shown in Fig. 2 (b) . The instrument used to measure surface roughness is the Mitutoyo Surftest SJ-210 portable shown in Fig. 2 After obtaining the optimal oil-in-water lubricant aided boric acid powder using the optimal weight percentage value, it is tested under turning process. This turning process is used to determine the performance oil-in-water lubricant aided boric acid powder in comparison with conventional lubricant. The type of conventional lubricant used for this comparison is MOBILCUT 100. This Tool Holder
Workpiece Material
Spray Gun conventional oil is obtained from the institutional workshop where it is used as coolant for machining. In this investigation, 2 4 full factorial design has been developed with the factors considered are cutting speed, feed rate, depth of cut and type of lubricant. The experimental parameters and conditions for this investigation are shown in Table 6 . The full factorial design (Table 7) is created from MINITAB 17 software, with the total of 16 runs and for each run it is replicated 3 times to get the average results of each run, thus minimising the random error.
The objective of this investigation is to determine the best surface roughness that can be achieved from utilising vegetable oilin-water lubricant aided boric acid powder in turning process. The surface roughness can determine the performance of lubricant being used. It is ideal that the surface roughness value is small, which indicates that the surface of the workpiece is smooth after it is machined. The turning process is done on a conventional lathe machine.
Result and Discussion
The surface roughness for each run are taken and analysed using MINITAB 17 software. The software can analysed the data taken and report which factors have the most significant on the responses. Then, it can determine the best factor values to give the optimum response. The utilisation of statistical analysis derived orthogonal arrays for this investigation exhibits a much lower test runs to be carried out. This however will not affect the quality of the analysis. The planning of the experiment is carefully done and the results from the design of experiment are analysed thoroughly. The analysis of variance (ANOVA) is also performed by considering 95% of confidence interval to give the most significant factor relative to the response. Then, the significant factors are discussed on why it affects the response of this investigation. 
Analysis of variance on surface roughness
From the ANOVA analysis, it is concluded that surface roughness are significantly affected by two factors, which are feed rate and the type of lubricant. This is based on its P-value obtained from the ANOVA to be less than 0.05 that indicates the model is adequately significant at 95% confidence level. In this presented work, the R 2 value is 99.15% with the adjusted R 2 value at 98.84%. Both of the values are substantial, close to 100%, meaning that the model is desirable and the regression equation (Equation 1) are acceptable in predicting the future response. Other than that, the significant of a factor on the surface roughness are established from Pareto chart shown in Fig. 3 (a) . In Pareto chart, it will indicate the level of contribution of the factors on the surface roughness.
(1)
Effect of boric acid powder in type of lubricant on surface roughness
From the observation made based on the ANOVA (Table 8 ) and mean plot of surface roughness (Fig. 3 a) , the type of lubricant used in this investigation has a significant effect on the surface roughness. Looking at Figure 3 (b) , the means of surface roughness decreases when using boric acid aided palm kernel oil as its lubricant in comparison to the conventional lubricant. Even though the differences are not quite substantial, it is enough to have a significant effect on the response.
During the machining process, high temperature is generated in the cutting zone that cause thermal softening in workpiece and cutting tool, which can cause poor surface finish. The friction between the cutting tool and workpiece causes this phenomenon of high temperature generation at the cutting region. Nonetheless, the temperature can be minimise significantly with the help of lubricant. The lubricant function by absorbing the heat at the cutting region and carried it away, thus minimising the temperature generated. Moreover, with the use of solid lubricant such as boric acid can help to further reduce the temperature at the cutting zone. Boric acid as solid lubricant alone can be used to reduce the temperature at the interface between workpiece and cutting tools. Therefore, adding boric acid to oil-in-water lubricant would improve its performance as a lubricant. This is because of the properties of boric acid powder that is high in thermal conductivity and low coefficient of friction. High thermal conductivity of the boric acid powder inside the lubricant help to increase heat transfer that is building up at the cutting zone. Thus, the heat is removed rapidly in comparison to lubricant that does not contain boric acid powder. Moreover, the speed of heat transfer is also contributed by the particle size of the boric acid. At the micro particle size, more heat can be transferred due to a higher surface area of the boric acid powder. As the heat is removed from the cutting zone, better surface finish can be achieved.
Other than that, the low surface roughness is achieved due to its properties of having low coefficient of friction. During the machining process, boric acid powder will form a film layer on the surface of the workpiece, which reduce the contact pressure of the cutting tool on the workpiece. The film layer of boric acid receives the highest contact pressure of the tool instead of the workpiece. Furthermore, due to its lattice-layered structure that provides boric acid its lubricity performance that attribute the low coefficient of friction. The low coefficient of friction does help to achieve lower surface roughness of the workpiece. In this investigation, prove that the use boric acid in lubricant reduces the surface roughness in comparison to conventional lubricant (without boric acid) are shown from Fig. 4 . From the figure, it is noticed that the surface roughness has reduced with the use of boric acid powder in palm kernel oil as lubricant with same cutting parameter. According to Fig. 4 until Fig. 7 shows the reduction in surface roughness when boric acid powder aided palm kernel oil is used as a means of lubricant in comparison to conventional lubricant. Furthermore, there is an average improvement by 7.21% of surface roughness from using boric acid aided palm kernel oil in comparison to using conventional lubricant as a means of lubrication. 
Effect of feed rate on surface roughness
Another significant factor that affects the surface roughness from this investigation is the feed rate. From the Pareto chart (Fig.  3 a) , it confirms that the feed rate has the most significant factor on the surface roughness. As the feed rate increases from the minimum value (0.16mm/rev) to the maximum value (0.24mm/rev), the surface roughness would also increase. This increase is proven as established from comparing Fig. 6 and Fig. 7 . The lowest surface roughness achieved from using lower feed rate is 0.979µm, meanwhile the lowest surface roughness achieved from using high feed rate is 2.569µm. Thus, there is an increase of 61.9% from increasing the feed rate. The surface roughness will increase even though different type of lubricant is used. With a higher feed rate, larger cross sectional area is being removed during the machining process. This consequently increases the friction that the workpiece experience. Therefore, with the increase of friction from increasing the feed rate, higher surface finish will be achieved on the workpiece. 
Effect of cutting speed on surface roughness
It is shown from the main effect plot that the cutting speed reduces the surface roughness as the cutting speed increases. However, the reduction of surface roughness is deemed to be minimal to have a significant effect on the response (surface roughness). From the result in Fig. 7 , the surface roughness is less at higher cutting speed (b) than the surface roughness at lower cutting speed (a). During machining at higher cutting speed, heat is concentrated in the cutting zone. Thus, it creates a thermal softening that would restructure the machined surface and would remove the flaws and defects of the workpiece surface [21] . This consequently provides a lower surface roughness to the surface. Nevertheless, the reduction of surface roughness with the increase of cutting speed is too minimal to be significant in this investigation.
Effect of depth of cut on surface roughness
Similar to cutting speed, the depth of cut does not have a significant effect on the surface roughness. According to Pareto chart, this factor has the least significant value on the response. Based on the mean effect plot in Fig. 3 (b) , the surface roughness increase with the increase in depth of cut. However, the increase is not visually seen from the Fig. 3 (b) as it is very minimal. Supposedly, when the depth of cut is increased, the higher amount of material being removed from the workpiece. This would increase the friction on the workpiece creating a higher temperature on the cutting zone. Therefore, this will lead to a higher surface roughness.
Conclusion
In conclusion, the investigation provides the performance of boric acid powder aided palm kernel oil with comparison to conventional lubricant.
i.
The use of 2 4 full factorial design of experiment has led to the conclusion that feed rate and type of lubricant have the most significant effect on surface roughness with the P-value less than 0.05. ii.
From ANOVA analysis, R 2 value of 99.15% and adjusted R 2 value of 98.84% indicates that the model equation is reliable and can be used for prediction of surface roughness. iii. The addition of boric acid powder to palm kernel oil has yielded better surface finish compared to conventional mineral base oil. In all experimental run, the improvement in surface roughness ranges between 0.979µm and 2.479µm. There is an average improvement in surface roughness by 7.21% when boric acid powder aided vegetable oil lubrication was adopted. iv.
As the other significant factor that is feed rate, a higher surface roughness will be obtained if higher feed rate is used in the turning process. It is noted that average surface roughness increased by 55.2%, when feed rate increased from 0.16mm/rev to 0.24mm/rev. Thus, it is recommended that to get a better surface roughness, a lower feed rate value should be used.
Therefore, it can be said that the investigation has provided a better solution in finding an environmentally benign lubricant, which is by using boric acid powder aided palm kernel oil. The lubricant made is benign as the material chosen to produce this lubricant are biodegradable and non-toxic to the environment. Furthermore, the use of minimum quantity lubrication cut down the usage lubricant, which is desirable in machining process. So the improvement of product quality or even manufacturing the same quality by using vegetable oil base lubricant compared to mineral base oil is recommended as this eliminates harmful effect on the environmental as well as it minimises the risk of workers' health in machining sector.
